1. Introduction {#sec0005}
===============

Episodic memory (EM) emerges and increases during childhood (e.g., [@bib0290]) and deteriorates in aging (e.g., [@bib0260]). On the surface, children in middle childhood and older adults show comparable memory levels, with both groups performing worse than younger adults ([@bib0165]). However, direct lifespan comparisons of neural correlates of EM are entirely lacking, leaving an untested assumption that neural mechanisms underlying memory in children and older adults are the same, given their similarities in performance (but see behavioral comparisons by [@bib0020], [@bib0085], [@bib0305]). Therefore, lifespan studies are strongly needed in the field of developmental cognitive neuroscience, which has tended to focus either on comparisons on the lower end (children vs. young adults) or the higher end (younger vs. older adults) of the developmental spectrum. Here, we examined the neural correlates of subsequent-memory effects (SME), defined as differences in fMRI activation between subsequently remembered and omitted trials during encoding, in 10--12 years old children, younger adults between 21 and 26 years, and older adults above 60 years of age. Our focus was to compare SME within the memory systems of the various age groups when they operate successfully to form durable memory representation.

According to the two-component framework of EM development, the ontogeny of EM reflects interactions between associative and strategic components ([@bib0310], [@bib0305], [@bib0350]). The associative component refers to binding mechanisms that integrate features of episodes into coherent representations ([@bib0340], [@bib0355]), and the strategic component refers to cognitive-control processes that aid and regulate memory functions ([@bib0315]). In line with established conceptions of EM ([@bib0080], [@bib0200], [@bib0315]) and meta-analyses of fMRI studies on SME ([@bib0155], [@bib0330]), we assume that the lateral PFC and MTL (particularly the hippocampus, HC) support strategic and associative components of EM, respectively. The HC and associated structures contribute to the formation of memory representations, particularly establishing associations between features (e.g., [@bib0055]). Lateral PFC, on the other hand, supports cognitive control processes in service of memory ([@bib0100]), such as implementation of attention selection processes in the VLPFC and organization of information in working memory in the DLPFC (e.g., [@bib0010]).

Both PFC and MTL undergo profound reorganization in childhood ([@bib0145], [@bib0215]) and aging ([@bib0035], [@bib0040]). The structural integrity of PFC (particularly the dorsolateral regions) undergoes maturational changes well into adolescence. On the other hand, MTL regions mature at faster rates particularly in the first few years of life ([@bib0120], [@bib0325]). Therefore, we assume that successful memory formation in children should rely more on the associative component of MTL and less on the strategic component of PFC that is still developing ([@bib0230], [@bib0310]; but see [@bib0110]). Thus far, results are mixed regarding MTL differences between childhood and young adulthood in SME, with some studies finding age differences (e.g., [@bib0115]) and others not (e.g., [@bib0225]). This stands in contrast to the more consistent age differences found in PFC across development. Therefore, our empirical investigation will shed light on this topic.

On the other hand, lower EM performance in aging is assumed to reflect senescent changes in the associative as well as strategic components ([@bib0310]). Gray matter differences are especially pronounced in both HC and PFC regions ([@bib0095], [@bib0270]; but see [@bib0275] for lack of longitudinal change in PFC). However, findings regarding functional alterations in these regions during episodic encoding in old age have been mixed. In part, the inconsistencies across studies may reflect the heterogeneity of memory functioning in old age ([@bib0245], [@bib0275], [@bib0260]). This partly gave rise to a maintenance view on EM proposed by [@bib0220], underscoring the notion that preserved brain functioning is the primary characteristic of successful memory aging. While this view focuses on between-person differences, a within-person aspect of maintenance would suggest that, among healthy older adults, successful episodic encoding should engage both the associative and strategic components optimally, reflecting a state that is youth-like. Therefore, our study aimed to shed lights on the mixed findings by comparing age groups across the lifespan to identify their commonalities and differences in neural mechanisms contributing to successful memory formation.

Importantly, in contrast to most SME studies that tested memory with a recognition procedure, we opted for cued recall in which participants studied word pairs (e.g. dog-crown) and subsequently had to recall the target (crown) when shown the cue (dog). This required individuals' memory system to operate at its best during encoding in order to form strong, distinctive memory representations that can be recalled later on. In younger adults, compared to recognition, cued-recall imposes stronger demands on both PFC and MTL ([@bib0130], [@bib0335]). Based on our framework, we expected that SME in children, relative to younger and older adults, would rely more on MTL and less on PFC regions. In contrast, SME-related activation of healthy older adults should be largely similar to those of younger adults. This is because the neural circuitry contributing to SME, particularly for forming strong memory representations, should not alter fundamentally in healthy aging (cf. [@bib0180]). As a secondary goal, we also explored potential age differences in functional connectivity in EM networks. Thus far little is known about memory-related connectivity in children, while older adults seem to show increased connectivity in fronto-temporal networks for successful memory encoding ([@bib0065], [@bib0235]). Therefore, in addition to functional activation, our analyses will extend the two-component framework of EM lifespan development to examine MTL-PFC interactions.

2. Methods {#sec0010}
==========

2.1. Participants {#sec0015}
-----------------

This fMRI study was part of a larger scale EM training study. The initial sample consisted of 95 children aged 10--12 years (fifth-graders in the German Gymnasium education track), 49 younger adults aged 21--26 years (university or college students), and 165 older adults aged 63--74 years (retired community dwellers living in Berlin). These participants took part in a screening session and were invited to participate in the fMRI study if they fulfilled all of the following criteria: (a) a minimum raw score of 34 correctly solved symbols on the digit symbol test (maximum score 94; [@bib0345]); (b) recalling at least 3 word pairs from a list of 10 pairs; and additionally for adults only (c) more than 27 points on the Mini-Mental State Exam (maximum score 30; [@bib0105]); (d) 30 points or higher on the CES-D scale on depression ([@bib0265]). The first two criteria were established after extensive piloting and were adopted to increase the likelihood that our scanned participants would produce enough remembered trials for the fMRI analyses.

56 children, 35 younger adults, and 55 older adults fulfilled the screening criteria and participated in the fMRI assessment. These participants were right-handed, native German speakers, and reported not having neurological or psychiatric disorders (e.g. Alzheimer, multiple sclerosis, Parkinson's disease, dyslexia, mood disorders etc.). For the current analysis of SME, three children had to be excluded due to excessive motion artifacts, and one younger adult due to technical error in scanning. Furthermore, we included only those participants who provided sufficient numbers of remembered as well as omitted responses for the fMRI analysis (i.e. a minimum of two runs with at least six trials per run; see [@bib0205] on number of events for fMRI designs). Therefore, for the analyses below, we used data from 31 children (*M~age~* = 11.09, *SD~age~* *=* 0.39), 33 younger adults (*M~age~* = 24.0, *SD~age~* = 1.33), and 25 older adults (*M~age~* = 66.8, *SD~age~* = 2.15). As shown in [Table 1](#tbl0005){ref-type="table"}, compared to the excluded sample, the final sample was positively selected on memory performance, particularly in the case of children and older adults. Within each age group, the excluded and final samples were comparable in terms of gender radio, performance on a marker test of crystallized intelligence (verbal knowledge; [@bib0160]), a marker test of fluid intelligence (digit symbol; [@bib0345]), and years of education. We found expected lifespan patterns with respect to crystallized and fluid intelligence, namely (a) a continuous increase in verbal knowledge across the lifespan, and (b) an inverted U-shaped lifespan function for the Digit Symbol scores, with children and older adults showing lowered performance in comparison to younger adults.Table 1Basic demographic and cognitive performance of participants excluded from and included in final analyses.Table 1Age GroupExcludedFinalMeanSEMeanSEFemale Ratio CH0.31--0.40-- YA0.33--0.49-- OA0.58--0.40--Years of Formal Education CH5--5-- YA16.250.7516.270.49 OA15.680.7217.320.73Digit Symbol CH41.151.4740.241.48 YA68.679.6870.241.80 OA50.901.6349.681.54Vocabulary Knowledge CH9.300.959.910.76 YA24.171.1022.230.63 OA28.060.5328.700.56Memory Performance CH0.060.010.240.02 YA0.290.150.410.03 OA0.120.030.320.02[^1]

2.2. Materials and procedure {#sec0020}
----------------------------

Stimuli were highly imaginable concrete German nouns paired together to form unrelated word pairs. Words were drawn from German norm databases and previous studies had established their comprehensibility for children of similar ages as those included here (see [@bib0015], [@bib0020], [@bib0140], [@bib0305]). Screened by several raters, word pairs were checked against semantic or associative relatedness, having the same starting letter, or rhyming, as such pairings may be easier to remember. Length of study list was adjusted to render the task comparably difficult for each age group ([@bib0175], [@bib0210], [@bib0255]) while facilitate having sufficient number of trials for fMRI analysis. As the present study was embedded in a training project ([@bib0025]), we aimed for a baseline performance level of between 25 and 45 percent to provide room for training-induced improvement. Based on extensive piloting with variations in list length, we settled on 72 pairs for children, 96 pairs for younger adults, and 28 pairs for older adults. In order to boost the number of trials for fMRI analysis, we repeated the encoding run twice for children and younger adults and four times for older adults (each run contained unique word pairs; i.e. a total of 144 pairs for children, and 192 pairs for younger adults, 112 pairs for older adults). Two filler word pairs were added at the beginning and end of each encoding run to minimize primacy and recency effects.

Before scanning, participants were trained on getting comfortable with the MRI environment and practiced on the encoding task inside a scanner simulator (NordicNeuroLab). Motion was detected with a camera and feedback was given when they moved too much. In the next session, participants performed the actual word-pair encoding task inside the scanner. Each word pair was presented for six seconds, with one word appearing at the top and the other at the bottom of the screen. This was followed by a question for two seconds ('how sure are you that you will later remember the word pair?') to ensure that participants remained attentive to the task. Participants responded by pressing 'very sure', 'sure', or 'unsure'. An explicit baseline condition was included (data not used in the current analyses), in which participants saw pairs of letter strings (e.g., xxxxx--kkkkk). Six trials of such letter string pairs (lasting for one second each) were presented sequentially, forming one block. In 1/3 of these blocks, there were trials where the pairs of letter strings consisted of the same letters (e.g., xxxxx--xxxxx). Participants were asked to monitor the occurrence of these trials and to press a button when they saw one. In 2/3 of the blocks, all trials consisted of pairs of letter strings with different letters (e.g. xxxxx--kkkkk), hence no button presses were required and these blocks constituted the explicit baseline condition. Scanning time for the baseline task was roughly 1/3 of scanning time of the actual memory task. Trials were separated by a jittered fixation period, ranging from 500 to 1500 msec (in 500 ms steps).

After each encoding list, participants were tested in a cued-recall procedure, which differed slightly for children compared to younger and older adults. For younger and older adults, retrieval was done inside the scanner without scanning. For children, retrieval was done on a computer in a quiet room close to the scanner. Based on piloting, lying in the scanner for both the encoding and retrieval phases was too strenuous for children, lowering scanner quality due to movement artifacts. Therefore, children entered the scanner again after completing retrieval of the first list. Participants saw one word at the top of the screen and had to recall the other word. They indicated whether they could remember the word by pressing either 'yes' or 'no'. When 'yes' was pressed, they were asked to verbally report the answer. Participants were also asked to indicate their confidence in getting the answer correct by pressing 'very sure', 'sure', or 'unsure'. When 'no' was pressed, the next trial appeared. After finishing the memory task, participants were asked to describe the strategies they had used for encoding the word pairs in an open-ended format. These strategies were later on coded into three broad categories based on [@bib0070], namely visual, semantic, and shallow strategies (such as rote repetition or focusing on graphemic aspects of the words). Participants could report using these strategies in any combination (e.g. using one of them exclusively, or combining some of them). Each participant received a score for each of the strategy category, denoting the proportion of using strategies in the respective category relative to all strategies reported by the individual.

2.3. fMRI data acquisition and preprocessing {#sec0025}
--------------------------------------------

Whole-brain MRI data were collected with a Siemens 3 T Trio Magnetom. Functional data were acquired using an echo-planar imaging sequence (TR = 2000 ms; TE = 30 ms; flip angle = 80°; FOV = 216 mm; matrix = 72 × 72; voxel size = 3 × 3 x 3 mm^3^; 36 slices). Before acquisition of each functional sequence, a new localizer was acquired to adjust the slice orientation (alignment based on genu-splenium of the corpus callosum). For registration of functional images, 2 structural sequences were collected; one T2-weighted turbo-spin echo sequence (TR = 8170 ms; TE = 93 ms; matrix = 256 × 256; in-plane resolution = 1 × 1 mm, slice thickness = 3 mm) in the same orientation as the functional sequences; and one high resolution T1-weighted MPRAGE sequence (TR = 1550 ms; TE = 2.34 ms; matrix = 256 × 256, in-plane resolution = 1 mm, slice thickness = 1 mm). Gradient echo images were also measured for correction of magnetic field inhomogeneities.

Quality of the functional data was first checked by inspecting spikes using dataQuality, a Matlab-based tool (<http://cbi.nyu.edu/software/dataQuality.php>). In short, each slice of each volume was divided into brain, ghosting, or background regions. A small region of interest in the background was defined to detect spikes, that is when the signal was larger than 10 standard deviations above the mean (across time). Detected spikes were corrected by substituting the value with an average of the intensity of the two time points before and after a problematic time point, but only if they themselves were free from spikes. Repaired data were then checked again to ensure that no more spikes were found. Within the runs detected with spikes, the number of spikes occurred between 1 and 3 times. Therefore, the occurrence of spikes was likely random.

2.4. fMRI data analysis {#sec0030}
-----------------------

Data of each run from each participant were then preprocessed and analyzed using FEAT in FSL (Version 5.98, FMRIB's Software Library, <http://www.fmrib.ox.ac.uk/fsl>, [@bib0320]). Preprocessing included nonbrain tissue removal, slice time and motion correction, correction of field inhomogeneity, and spatial smoothing using an 8-mm full-width half-maximum Gaussian filter. Runs with motion more than 3 mm (absolute displacement) in any direction were handled by either removing that particular run entirely if motion was detected throughout, or leaving out (without replacement) the volumes affected by motion (and the subsequent ones) if it had occurred in the second half of the measurement. This affected 2 children (1 had one run in which the last 47 vol of the 497 vols were removed, 1 had one run removed entirely and in another run the last 246 vol were removed) and 3 younger adult (1 had one run in which the last 244 vol of the 648 vol were removed, 1 had one run in which the last 224 vol were removed, 1 had one run removed entirely). Mean framewise displacement showed a significant age effect, *F*(2, 84) = 5.97, *p* = 0.004. Despite the age difference, all three age groups showed relatively low framewise displacement (children: *mean* = 0.07, *range* = 0.03--0.27; younger adults: *mean* = 0.05, *range* = 0.03--0.11; older adults: *mean* = 0.09, *range* = 0.04--0.24). Post-hoc comparison with Tukey HSD indicated that the age effect was driven by older adults showing higher motion than younger adults (*p* \< 0.05). Children did not differ from younger or older adults (*ps* \> 0.05). To control for differences due to motion, each individual's framewise displacement was entered as a regressor of no interest in group-level analyses. A pre-whitening technique was used to account for the intrinsic temporal autocorrelation in functional imaging. Low-frequency artifacts were removed by applying a high-pass temporal filter (Gaussian-weighted straight-line fitting, sigma = 50 s). Age-specific brain templates were created from participants' T1 images using the non-liner registration ANTS program ([@bib0005]) following the iterative procedures of [@bib0285]. Functional scans were registered to their own T1 scans, then to the age-specific brain templates, and finally to the MNI standard space.

First-level statistical analyses were performed on each individual's data from each run using the general linear model. Time series were modeled with separate regressors for the encoding phase of each trial, separately for subsequently remembered, omissions, and wrongly answered trials (post-hoc sorting based on the response participants gave during cued-recall). Other regressors were included to model the question phase, the explicit baseline phase (with and without button press, separately, see Supplementary Material), and filler pairs at the beginning and end of the run. The regressors were generated by convolving the impulse function related to the onsets and lengths of events of interest with a Gamma hemodynamic response function. The critical contrast for analyzing SME was correctly remembered \> omissions (R \> O). Incorrectly answered trials were not included in the contrast due to ambiguity in the reasons for getting a trial wrong (e.g., intrusion vs. interference error; see behavioral error analysis). Additionally six motion parameters were included as regressors of no interest. Contrast images were computed for each run per subject, spatially normalized, transformed into MNI space (2 mm isotropic voxel) and submitted to a within-subject fixed-effects analysis (i.e. averaging) across runs. Higher-level analysis across subjects was carried out using a mixed-effect model in FSL (FLAME). First, to characterize overall SME, we computed a whole-brain contrast for R \> O across all participants, regardless of age. Participants' mean-centered exact age and memory performance (number of correctly remembered trials over total number of trials) were entered as additional regressors. Functional activation was determined by thresholding the Gaussianized T-statistic image of the group analysis, using clusters determined by *Z* \> 2.3 (*p* \< 0.01) and a corrected cluster significance threshold of *p*  \<0.05. All coordinates are reported in MNI space.

Next, region of interest (ROI) analyses were performed to examine age differences in SME within regions that were most relevant to our hypotheses. These regions included left lateral PFC (superior, middle, and inferior frontal gyri), bilateral parahippocampal gyrus (PHG), and bilateral hippocampi. First, we prepared anatomical ROIs using the Harvard-Oxford Cortical and Subcortical Structural Atlas (<http://www.cma.mgh.harvard.edu/fsl_atlas.html>), with voxels thresholded at a minimum 25% probability of being within a specific region. A conjunction was then made between the anatomical ROIs and the group-level SME functional map across all runs and participants (as described above). This ensured that percent signal change (PSC) for each ROI is extracted from active voxels within that region. PSC of each participant from each ROI was subjected to subsequent ANOVAs (with age group as a factor). Effects were considered significant at an alpha level of 0.01 (after adjusting from 0.05 for multiple comparisons for five PFC and MTL ROIs). Outliers were identified at *p* \< 0.001 (i.e., 3 standard deviations beyond the mean, 2-tailed test). One child was identified as an outlier across all ROIs with unusually high values above the mean of whole sample, hence was excluded from the fMRI analysis. Next, to complement the ROI analysis, age effects in SME were explored in all task-positive regions, using the general subsequent-memory activation map from all participants (as described above) as a pre-threshold mask. An F-test with age group as a factor was conducted.

Finally, to explore possible age differences in functional connectivity of MTL as a function of memory formation, we conducted a generalized psycho-physiological interaction (PPI) analysis ([@bib0190]). We identified left and right hippocampal seed ROIs for the PPI analyses based on a sphere with a radius of 4 mm around the peak hippocampal voxel (separately for left and right hemispheres) that were active at the group-level R \> O map \[coordinates of left hippocampal peak voxel: −26, −26, −12; coordinates of right hippocampal peak voxel: 32, −16, −18\]. The generalized PPI analysis compared the temporal correlation between the hippocampal seeds and other brain regions for remembered versus omissions trials. At the first level, the PPI design matrix contained three types of regressors: (a) 'psychological' regressors that represent the full design including all event types (i.e. remembered, omission errors, wrongly answered, and question); (b) a time-series 'physiological' variable that represents the time course of the hippocampal seeds; and (c) interaction variables that represent the interaction of the psychological and physiological variables. A direct contrast to capture difference in connectivity was formed by contrasting remember trials from omissions. Additionally, six motion parameters were included as regressors of no interest. Individual beta images of the contrast term were then entered into a group-level whole-brain analysis, treating participants as random. Participants' mean-centered percentage correct recall, sex, and framewise motion displacement were entered as additional regressors. To constrain the search space to task-positive regions, the PPI analyses were constrained using a binary mask from the group-level subsequent-memory network. Connectivity maps were thresholded at 2.3 (*p* \< 0.01) at the voxel level and *p* \< 0.05 at the cluster level.

3. Results {#sec0035}
==========

3.1. Behavioral results {#sec0040}
-----------------------

Percentage cued recall for each age group is presented in [Fig. 1](#fig0005){ref-type="fig"}a. Note that performance comparisons across age groups should be taken cautiously, as we adjusted list length for each age group with the aim of obtaining accuracy levels between 25 and 45 percent. Nevertheless, an ANOVA revealed a significant effect of age, *F*(2, 84) = 7.93, *p* \< 0.05. Post-hoc comparisons using Tukey HSD indicated that children (*M* = 0.25, *SE* = 0.03) showed lower performance than younger adults (*M* = 0.41, *SE* = 0.03), *p *\< 0.05. Older adults (*M* = 0.32, *SE* = 0.03) showed a trend of lower performance than younger adults, *p* = 0.09, whereas children and older adults did not differ reliably, *p *\> 0.05. For any incorrect trial, participants could either produce an incorrect answer (intrusions), an answer that was paired with another word from the current or preceding encoding list (interference), or no response (omission). A mixed ANOVA (within person: error type; between person: age group) revealed main effects of error type, *F*(2, 83) = 551.93, *p* \< 0.05, and of age group, *F*(2, 84) = 7.93, *p* \< 0.05. The most frequent error type was omissions (*M* = 0.60, *SE* = 0.02), followed by intrusions (*M* = 0.05, *SE* = 0.01), and interference errors (*M* = 0.03, *SE* = 0.003). Children (*M* = 0.25, *SE* = 0.01) and older adults (*M* = 0.23, *SE* = 0.01) produced more errors than younger adults (*M* = 0.20, *SE* = 0.01). We also found a significant interaction between age group and error type, *F*(4, 166) = 2.88, *p* \< 0.05. To follow up on this interaction, we examined the effect of age group in each error type separately. Specifically, the three age groups differed significantly in omission \[*F*(2, 84) = 4.69, *p* \< 0.05\], but not in intrusion \[*F*(2, 84) = 1.02, *p *\> .05\] or interference error \[*F*(2, 84) = 1.08, *p* \< 0.05\]. Post-hoc comparisons on omission error using Tukey HSD indicated that children (*M* = 0.67, *SE* = 0.03) had more omissions than younger adults (*M* = 0.53, *SE* = 0.03; *p* \< 0.05), whereas younger and older adults (*M* = 0.61, *SE* = 0.03) did not differ reliably (*p* \< 0.05).Fig. 1(a) Percentage correct cued recall across age (error bars represent standard errors); (b) Percentage reported strategies (over all reported strategies) across age. CH = Children, YA = Younger Adults, OA = Older Adults.Fig. 1

Next, we examined strategy use to characterize how the three age groups might differ in how they encoded the pairs (see [Fig. 1](#fig0005){ref-type="fig"}b). In a mixed ANOVA (within person: strategy type; between person: age group), a significant main effect of strategy type \[*F*(2, 81) = 44.9, *p* \< 0.05\] and an interaction between strategy type and age group \[*F*(4, 162) = 4.83, *p* \< 0.01\] were found. The most commonly reported strategy was semantic (*M* = 0.67, *SE* = 0.04), followed by visual (*M* = 0.22, *SE* = 0.04), and shallow strategies (*M* = 0.11, *SE* = 0.03). To trace the source of the interaction, we examined age differences for each strategy type separately. Significant age effects were found for visual \[*F*(2, 82) = 4.27, *p* \< 0.05\] and shallow strategies \[*F*(2, 82) = 6.87, *p* \< 0.05\]. For visual strategies, post-hoc comparisons indicated that younger adults (*M* = 0.36, *SE* = 0.08) reported significantly more use of this strategy than children (*M* = 0.09, *SE* = 0.05; *p *\< 0.05); older adults (*M* = 0.21, *SE* = 0.07) did not differ from either of the other age groups (*p *\> 0.10). For shallow strategies, post-hoc comparisons indicated that children (*M* = 0.25, *SE* = 0.06) reported use of shallow strategies more often than both younger (*M* = 0.06, *SE* = 0.04) and older adults (*M* = 0.02, *SE* = 0.02), *ps* \< 0.05, with the two adult groups not differing from each other.

Next, we examined whether participants reporting using more or less effective strategies indeed differed in their performance. Each participant was classified as either reporting using only shallow strategies (*N* = 4), using both effective and shallow strategies (*N* = 12), or using only effective strategies (visual and semantic strategies combined; *N* = 70). There was a significant performance difference among the three groups of participants, *F* (2, 82) = 3.42, *p* \< 0.05, after controlling for chronological age. Post-hoc comparisons indicated that participants reporting using only effective strategies (*M~adjusted~* = 0.35, *SE* = 0.02) showed better performance than those reporting using only shallow strategies (*M~adjusted~* = 0.16, *SE* = 0.09), *p *\< 0.05. Those using both effective and shallow strategies (*M~adjusted~* = 0.26, *SE* = 0.05) did not differ from the other two groups (*p *\> 0.05).

Finally, we also examined JOL during encoding according to whether the trial was subsequently remembered or forgotten. In a mixed ANOVA (within person: trial type; between person: age group), significant main effects of trial type \[*F*(1, 84) = 129.04, *p* \< 0.01\] and age group \[*F*(2, 84) = 16.91, *p* \< 0.01\] were found. Subsequently remembered trials (*M* = 1.66, *SE* = 0.04) were rated higher in JOL than subsequently omitted trials (*M* = 1.35, *SE* = 0.03). Children (*M* = 1.74, *SE* = 0.05) showed higher average JOL than younger (*M* = 1.5, *SE* = 0.05) and older adults (*M* = 1.28, *SE* = 0.06), *p* \< 0.05, with the two adult groups also being significantly different from each other, p \< 0.05. The lack of interaction between trial type and age group \[*F*(2, 84) = 0.29, *p* = 0.75\] suggests that relative JOL is age invariant from middle childhood to old age.

3.2. Subsequent memory effects (R \> O) across all participants: whole-brain contrasts {#sec0045}
--------------------------------------------------------------------------------------

First, to characterize overall activation differences between remembered items and omission errors, we computed whole-brain fMRI contrasts for SME (R \> O) across all participants, including mean-centered exact age and performance (percentage correct) as covariates. In line with the literature ([@bib0330]), SME were associated with significant activation in left lateral PFC (spanning across superior, middle, and inferior frontal gyri), left lateral parietal cortex (postcentral and supramarginal gyri), and bilateral temporal regions (both lateral and medial walls), as well as in subcortical regions, including both hippocampi ([Fig. 2](#fig0010){ref-type="fig"}, see coordinates of clusters in [Table 2](#tbl0010){ref-type="table"}). To ensure that the overall SME map encompasses the SME of each age group, we calculated the spatial overlap between the overall activation map (A) and each age group's activation map (B), which is A∩B. We then calculated, for each group, the proportion of activation overlapping with the overall activation map relative to their own entire activation (i.e. A∩B/B). This ratio measure was 0.86, 0.93, and 0.86 for children, younger adults, and older adults, respectively. Therefore, most of the activation of each age group was spatially represented within the overall activation map. In particular, all three age groups showed robust SME in left lateral PFC, the hippocampi, and PHG, regions that we examined next as ROIs.Fig. 2Subsequent-memory activation (whole brain contrast of R \> O) across all participants, after controlling for exact age and percentage correct. Activation maps are rendered on MNI standard brain, with coordinates presented at the bottom of each section. Sagittal views are shown from the left side of brain. A z-value scale is presented on the right. Activations were thresholded at a voxel-level threshold of *Z* \> 2.3, corrected at the cluster-level at *p *\< 0.05. To visualize clusters, we depict activations that survived a voxel-level threshold of *Z* \> 4.3, corrected at the cluster-level *p *\< 0.05.Fig. 2Table 2Peak activations for subsequent-memory effects (correctly remembered \> omissions, R \> O) across all participants, with exact age and memory performance as covariates. Activation maps were threshold at a voxel-level threshold of *z* \> 2.3, corrected at the cluster-level with FWE, *p* \< 0.05. To better characterize the peak clusters, we list clusters that survived a voxel-level threshold of *z* \> 4.3, corrected at the cluster-level with FWE, *p* \< 0.05.Table 2ClusterRegionBAZ maxMNI coordinates (mm)Number of voxelsXYZ1Left inferior frontal gyrus44/45/468.7−54202012981Left middle frontal gyrus6/97−42452Left postcentral gyrus406.27−32−26522Left inferior temporal gyrus20/378.09−48−54−187067Left temporal fusiform cortex35/367.84−30−34−24Bilateral putamenn.a.7.39−1610−2Left parahippocampal gyrus/hippocampusn.a.6.17−26−32−143Right parahippocampal gyrus/hippocampusn.a.5.4636−18−222392Right temporal fusiform cortex35/367.4036−32−264Left lateral superior occipital cortex196.11−28−704418435Right lingual gyrus185.1514−8402906Right frontal orbital cortex475.512832−141457Bilateral caudaten.a.4.8620216728Left frontal medial cortex114.93−442−2461

3.3. Age comparisons of lateral PFC and MTL: ROI analyses {#sec0050}
---------------------------------------------------------

Based on the SME map defined across all participants, we conducted age comparisons in the ROIs, namely left lateral PFC (superior, middle, and inferior frontal gyri) and bilateral MTL (HC and PHG), in which PSC was extracted for each participant. We examined age differences in PSC in these regions using one-way ANOVAs (with age group as a factor). Across all ROIs, the only region that showed a significant age effect was left middle frontal gyrus, *F* (2, 84) = 4.96, *p* \< 0.01 ([Fig. 3](#fig0015){ref-type="fig"}). Particularly, post-hoc comparisons indicated that children showed lower SME in this region (*M* = 0.04, *SE* = 0.02) than both younger (*M* = 0.11, *SE* = 0.02, *p *\< 0.01) and older (*M* = 0.12, *SE* = 0.02, *p *\< 0.01) adults, with no difference between the two adult groups (*p* \> 0.10). The age difference remained after controlling for mean centered memory performance (percent correct), gender, framewise motion, and relative JOL (i.e., the difference in JOL for remembered versus omitted trials) \[*F*(2, 80) = 5.72, *p* \< 0.01\]. The age difference also remained including absolute (i.e., mean level across remembered and omitted trials) instead of relative JOL as a covariate \[*F*(2, 80) = 6.26, *p *\< 0.01\]. For superior and inferior frontal gyrus as well as MTL, there were no age differences in SME (*p*s \> 0.20). To further examine the MTL, we also tested for age differences using an anatomical MTL mask for small-volume correction, which did not yield significant age difference in SME within the MTL.Fig. 3Extracted percent signal change for subsequent-memory effects (R \> O) for regions in the ROI analysis. Significant age differences were found in left middle frontal gyrus, with children showing weaker SME than younger and older adults. CH = Children, YA = Young Adults, OA = Older Adults.Fig. 3

We also explored age differences with an F-test in all task-positive (SME) regions. There was no cluster that survived the threshold (*Z* \> 2.3 and a *p* \< 0.05 cluster threshold). Finally, we had examined the relationship between memory performance and subsequent memory effect within each group as well as across groups controlling for age. There was no consistent pattern of relationship that emerged.

3.4. Hippocampal connectivity as a function of subsequent memory {#sec0055}
----------------------------------------------------------------

To characterize overall connectivity, a PPI analysis was run across all participants (with left and right HC as seed regions), entering participants' sex, recall accuracy, and framewise motion (mean centered as previous models) as additional regressors. At a voxel threshold of 2.3 (*p *\< 0.01) and a cluster threshold of *p *\< 0.05, no reliable memory-dependent (i.e. R \> O) variation in functional connectivity was observed. This was also the case when the model was run for each age group separately. There were also no reliable group differences in connectivity, with or without recall accuracy as covariate.

The difficulty in identifying consistent connectivity pattern may be related to individual differences in the encoding processes that participants engaged in (both within and across age groups), leading to differential patterns of connectivity across participants ([@bib0295]). As differential task processing is related to memory performance, we then explored the extent to which functional connectivity was related to performance across participants, controlling for gender and motion (mean-centered). As shown in [Fig. 4](#fig0020){ref-type="fig"}, for left HC, we found a performance-related increase in connectivity to left lateral PFC (middle and inferior frontal gyri, BA 44) and left medial PFC (superior frontal gyrus, BA 6). Similarly, for right HC, we found a performance-related increase in connectivity to left lateral PFC (middle and inferior frontal gyri, BA 9/46) and left medial PFC (superior frontal gyrus, BA 6). These regions overlapped with those found for left HC. Therefore, individuals with better performance showed stronger connectivity between HC and lateral as well as medial PFC for remembered compared to omitted trials.Fig. 4Performance-related increase in connectivity between bilateral hippocampi and left lateral PFC (middle and inferior frontal gyrus) as well as left medial PFC (superior frontal gyrus). Blue color denotes clusters found with left hippocampus as seed, red color denotes clusters found with right hippocampus as seed (overlaid on top at 60% transparency). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 4

4. Discussion {#sec0060}
=============

This study investigated age-related differences in activation patterns during encoding that predict successful memory formation for word pairs. We directly compared the extreme ends of lifespan and probed memory with cued recall, a less commonly used procedure in SME studies. This is an important extension to past research, because cued recall requires stronger and more accessible traces than recognition. In line with our predictions, activation patterns related to SME differed between 10 and 12 year-old children and adults, but not between younger and older adults. In children, PFC activations during study were less predictive of successful recall than in adults. Specifically, children, compared to the adult groups, showed smaller SME in left middle frontal gyrus. In contrast, MTL activations were equally predictive of successful recall in all three age groups.

The finding that children showed weaker SME in middle frontal gyrus is consistent with the two-component framework of EM ([@bib0300], [@bib0310]), which states that memory functioning in children entails less strategic elaboration than in adults. This reflects the maturational lag between frontal and MTL regions in neural development. In this line, [@bib0225] showed that activation associated with successful memory formation increased with age in PFC, but not MTL ([@bib0045], [@bib0125]). Supporting the notion that increase in strategic elaboration parallels PFC involvement across development, we observed that children who reported using only effective strategies (*n* = 18), relative to their age peers who reported using shallow strategies (exclusively or in combination with effective strategies, *n* = 12), showed stronger SME in a cluster within the middle frontal gyrus (37 voxels, *z* = 2.3, uncorrected), the region in which age differences in SME were found. This effect was not found in any other ROIs. Thus, children who showed some extent of SME in PFC appeared to have started earlier than their age peers in using effective strategies. It is important to treat this effect as preliminary due to the small effect and limited sample size. However, it is conceivable that children are less capable of forming mediators for encoding the word pairs because they possess fewer mental schemata to support semantic elaboration, while at the same time there is large individual difference in this aspect among children even of the same age ([@bib0030], [@bib0050]). We assume that, based on the extensive memory development literature, children undergo progression in strategy use across time, starting from using shallow, rote repetition to deep, elaborative strategies. Age-related difference in strategy use has been shown to be an important factor that drives memory development (e.g., [@bib0290]). Such progress is likely supported by development in the structural and functional integrities of the PFC, explaining our observation of children showed less SME in the middle frontal gyrus. To strengthen this observation, future studies with a longitudinal design and larger sample sizes are needed to address individual differences in the progression of children's strategy use and its relations to memory performance at the neural level.

Findings on the involvement of MTL in memory development in childhood are not unequivocal. Evidence suggests that there may be protracted maturation for some, but not all, MTL functions ([@bib0115], [@bib0185]). For example, memory processes involving detailed memories with contextual information are suggested to be associated with age differences in MTL activation ([@bib0110]). We acknowledge that our paradigm differs in important ways from the one of [@bib0115], which included pictorial stimuli presented with perceptual details. Nevertheless, as cued recall relies upon memories that likely contain contextual details, our data seems to be at odds with this view. Therefore, the organizing principles of when MTL activations do or do not increase during development remain to be clarified. Future studies should manipulate strength and details in memory representations experimentally to dissociate the effects of these two factors and the age differences therein.

On the aging side, we found little differences between older and younger adults' SME, suggesting that high-functioning older adults, such as those in our study, engage much of the same neural circuitry as younger adults when forming representations that can be subsequently recalled. Such finding may seem at odd with the two-component framework that posits a dual deficit in associative and strategic components in aging (following evidence of structural decline in the PFC and MTL). However, while there may be deterioration in the two components, the framework does not preclude a within-person maintenance pattern of successful encoding in aging, such that the neural substrate that contributes to memory formation, when successful, remains largely similar. Such age-invariant SME in left frontal and MTL regions was previously reported ([@bib0060], [@bib0075], [@bib0195]). It would be interesting to examine the potential dissociation between age-related differences in the two memory components in general (such as attempting to remember when one is in encoding mode) versus age differences in the two components in relation to encoding success (when memory formation is successful). However, our data is not optimally suitable for this purpose, as the encoding success trials are a large subset of the encoding mode trials. In future studies, one would ideally include an independent memory task that taps into encoding mode with a block design, or a mixed block and event-related design to tease apart sustained (i.e. mode) versus transient (i.e. success) processes within the same task ([@bib0250]).

Our results also stand in contrast to findings of increased or more bilateral PFC SME in older adults, starting from middle age ([@bib0240]). These divergences may reflect differences in the nature of the tasks. Successful memory formation, assessed with the present cued-recall procedure, may impose higher demands on the quality of memory representations needed to reach the threshold for producing a correct response. Our results suggest that, in both younger and older adults, such high-quality engrams are formed by involving both PFC and MTL during encoding. A recognition procedure, on the other hand, may more readily probe partially accessible memory representations. Interestingly, a meta-analysis by [@bib0180] showed that regions consistently over-recruited by older adults are either overlapping or close to regions involved in unsuccessful encoding in younger adults (e.g. medial frontal gyrus, precuneus). This may reflect an age-related shift away from perceptual details towards evaluative and personal thoughts and feelings during encoding. However, these operations are less efficient means of encoding information (e.g., [@bib0135], [@bib0150]). Memory representations bound in such ways may be sufficiently accessible in a recognition but not in a cued-recall procedure, explaining why older adults in our sample did not show engagement of additional regions reported in the aging literature on SME ([@bib0180]).

Our procedure of adapting list length minimized task performance difference across groups, which carries important advantages for interpreting group differences in activation (see [@bib0210], [@bib0175], [@bib0255]). However, there are limitations to consider. First, we could not fully equalize the total number of to-be-remembered word pairs across age groups, as additional runs would have been too strenuous for the children and the older adults. This might have lowered the power of detecting SME in older adults due to having the least number of trials. However, given that older adults showed as robust an SME as younger adults, we think that the validity of the present results is not compromised. We also ran validation analyses by leaving out trials in children and younger adults so that all age groups were represented by the same number of trials for the first level R \> O contrast (see Supplementary Material). Results remained largely unchanged, with similar SME regions found as well as same patterns of age differences in ROI analysis, supporting the validity of the analyses. Nevertheless, future lifespan comparisons will benefit from other routes to adapt task difficulty without confounding number of trials.

The second limitation refers to the fact that our samples, particularly the older adults, were highly selective. In total, 97 out of 165 older adults were not invited to participate in the fMRI study due to failure in meeting the screening criteria. Similarly, children retained were possibly less representative of their cohort than the younger adults (although the latter were university students and hence also positively selected). It is likely that the selection procedures used in this study, while contributing to its internal validity, reduced the generalizability of the present findings to the general population. For older adults, [@bib0280] showed that more activity in cognitive-control networks (including frontoparietal cortices) correlated negatively with memory performance. That is, among older adults, better performing persons showed less additional engagement of the control network relative to younger adults. In light of this finding, it is conceivable that the high-functioning nature of the older adults has contributed to the similarity of their SME patterns to the patterns observed in younger adults. This is in line with the between-person aspect of brain maintenance proposed by [@bib0220]. Given that maintenance likely does not exist in absolute terms, future studies are needed to delineate the boundary conditions within which healthy older adults may exhibit youth-like neural patterns. Likewise, the observed fMRI differences between children and younger adults may not be restricted to differences in successful memory formation. In particular, the high-performing children participating in the present study may not have under-recruited the middle frontal gyrus during SME relative to younger adults, but rather may have been quicker to disengage from encoding after the memory was formed.

Finally, to reduce movement artifacts that are particularly prominent in children, their retrieval was conducted outside the scanner, leading to a change in retrieval context and slightly longer delay between encoding and retrieval that might have lowered children's performance. Although we think that this cannot fully account the age difference found uniquely in middle frontal gyrus, but not other frontal or MTL regions, such difference in procedure is best avoided in future studies. Taken together, it is a challenging task to investigate age-related differences in memory mechanisms across the lifespan. Participants of different ages differ in a wealth of factors in addition to the phenomenon of interest (see [@bib0300]). Our study is the first attempt at creating experimental setups that allow meaningful cross-sectional age comparisons in successful memory formation across the human lifespan. We believe that the utility and feasibility of such an approach are demonstrated, while the challenges and limitations that we encountered, particularly the selection bias across age groups and procedural differences as confounds, serve as important lessons for future studies, and indicate that there is room for further improvements in research design.

Despite finding robust SME in all groups, we did not detect a consistent pattern of functional connectivity at the group level, both for the entire sample or within each age group. The difficulty in detecting functional connectivity likely reflects large individual differences in how participants processed the task. Such differences also posit a challenge for mean-activation detection, but are magnified for connectivity analysis due to the need for more precise temporal covariation. Varying level of processing, [@bib0295] showed that successful encoding during deep versus shallow processing was accompanied by greater connectivity of left HC to ventrolateral PFC and temporoparietal cortex. Therefore, specific processes that one engages in during encoding are associated with differential patterns of connectivity, supporting our reasoning for not finding a consistent connectivity patterns at the group level. Interestingly, better performance was related to greater connectivity between HC and medial and lateral frontal gyrus (in particular, BA9/44/46). Based on previous literature, we assume that this has to do with these regions' roles in the organization of multiple pieces of information in working memory such as building semantic relations between pairs of words, which in turn enhances memory for associations among items in the HC. Such deep processing is shown to benefit memory performance, potentially accounting for our observation that individual difference in performance is associated with the strength of connectivity between HC and PFC regions.

In conclusion, our findings demonstrated that, in high-functioning children, the neural circuitry contributing to successful episodic encoding is reorganized during the transition from middle childhood to adulthood, progressing from reliance on the MTL to increasing engagement of the PFC in forming durable memory representations. On the other hand, older adults with high memory functioning show preserved ability to engage the PFC and MTL when memory formation is successful, supporting the proposition that maintenance of youth-like activation patterns contributes positively to EM functioning in old age ([@bib0090], [@bib0170], [@bib0220]).
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[^1]: *Notes:* CH = children, YA = younger adults, OA = older adults. Scale of digit symbol ranged between 0 and 94, and the score refers to number of symbols correctly solved. Scale of vocabulary knowledge ranged between 0 and 35, and the score refers to number of items correctly solved. Memory performance refers to percentage correct. Excluded and final sample only differed significantly on memory performance, particularly in children, *t*(51) = −6.43, *p *\< 0.001 and older adults, *t*(49) = −4.93, *p *\< 0.001. Note that the number of younger adults in the excluded sample was very small (*n* = 2).
